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ABSTRACT
The FeS/HCl(H2S)/C0 2 -system, described in a foregoing paper (Heinen and Lauwers, 1996), was 
shown to operate also under more ‘open’ conditions, with a fixed amount of FeS, blit varied supply 
of H2S. Furthermore it could be demonstrated that HC1 can be replaced by several other acids, so 
that the system can be defined in a more generalized way as the "FeS/acid/C0 2 -system’.
The basic reaction (3 H2 +  H2S 4  CO2 —» CH3SH + 2 H2O) has been studied in some more de­
tail. Departing from this reaction as the foundation of thiol synthesis, we had already replaced H2 
by the H2 generating FeS + H2Ss and H2S by FeS -b HCL In the next step, metallic iron in water was 
used for the generation of H2. The reaction was found to be linearly correlated to the amount of Fe°, 
and depending on time and temperature. Addition of H2S to this system, with the optimal molar 
ratio of 1 Fe° : 5 H2S, resulted in the synthesis of thiols with significantly higher yields than ob­
tained with the FeS/acid/CCVsystem. in a following step, H2S was replaced by H2S generating 
reactions, by adding sulfides to Fe° in an acid environment. Introducing FeS as the H2S generator 
actually signified a combination of the systems Fe°/H2S and FeS/acid/CCh, and it could be shown 
that this expands the chances for thiol synthesis under varying conditions.
Using D2O replacing the water phase and analysing the resulting thiols by GC/MS revealed that 
hydrogen from water acts as the reductant.
The recognition that thiol synthesis is not confined to a singular scenario and the resulting im­
plications are discussed in some detail.
* Because of this author’s retirement, his private address shorild be used for all correspondence and 
requests: Dr. W. Heinen, H. Dunantstraat 4, NL-6562 ZJ Groesbeek, The Netherlands
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INTRODUCTION
In recent years an impressive amount of experimental data on abiotic reactions 
in Fe/S-rich environments, particularly in the vicinity of submarine hot 
springs, has been accumulated (Ferris, 1992; Holm and Hennet, 1992; Holm et 
a l , 1993; Kaschke et a l , 1994; Russell et al., 1988, 1990,1994; Shock, 1992; Ya- 
nagava and Kobayashi, 1989). Most of the results support the assumption that 
the building blocks for life originate from these environments (Cairns-Smith et 
a l , 1992; Hennet e ta l , 1992; Holm, 1992; Holm and Andersson, 1994; Macleod 
et a l,  1994; Popper, 1990; Shock et a l,  1995; Williams, 1990). Theoretical 
backgrounds ate given by the alternative proposals of de Duve, with multimers 
evolving in athioester world (de Duve, 1991 ^  1992), and Wachtershauser’s the­
ory on surface metabolism, with the synthesis o f organic material from the 
pyrite-puJled reaction of iron sulfide with hydrogen sulfide and carbon dioxide
(Wachtershauser, 1988,1990a,b,1992,1994).
An experimental approach to these questions has recently demonstrated that 
the latter system can yield organic sulfur compounds together with a form of 
pyrite, floating as a layer on the aqueous surface (Heinen and Lauwers, 1996). 
In the two variants studied so far, thiols are synthesized either from FeS 4- H2S 
in a modestly acid environment (the FeS/H 2S/CC>2-systein)5 or in an acid en­
vironment (the FeS/HCl/C02"System), where FeS plus H 2S generate H2S, 
which in turn reacts with FeS to produce the hydrogen required for CO2 re­
duction, In this paper we present further variations of the FeS/HCl/C02-sys- 
tem and introduce a new system, which is based on the generation of hydrogen 
by metallic iron (von Wolzogen Kuhr and van der Vlugt, 1934; Daniels et a l , 
1987; Belay and Daniels, 1990). We furthermore demonstrate that combina­
tions and variations of the thiol producing systems significantly enlarge the 
chances for the appearance of organic compounds on Early Earth.
EXPERIMENTAL PROCEDURES
As in foregoing experiments, the reactions were done in 60 ml serum bottles 
with 10 ml water phase, mostly at 90°C and under 100% C 0 2. The new chemi­
cals used were metallic iron (99.99%+ pure), and the sulfides N a2S -f 9H 2O 
(98%), CdS (98+ %) andZnS (98.99%) from Aldrich, just as all other chemicals 
used in the earlier experiments (Heinen and Lauwers, 1996). The same equip­
ment as before (except the Varian Saturn GC/M S) was used for the determi­
nation of H2, H2S, organic sulfur compounds (mainly thiols) and the labeled 
components. If not stated otherwise, headspace samples of 1.0 ml were used at 
the times indicated. It should be recalled that the quantities of thiols given in 
this paper represent only the amount present in the gas phase at room tem­
perature. According to the distribution coefficient for methanethiol (Przyjazny 
et a l , 1983), multiplication of these values with the factor 3 gives the total 
amount of thiols, present in the gas plus liquid phase.
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Fig. 1. Formation of thiols (squares and diamonds = nmol) and H2S (triangles and inverted trian­
gles = /xmol) from 1.5 mmol FeS with ISO mmol HC1 added from start (nr. 1) or successively (nr. 2); 
45 mmol at start, 27 mmol day 1,18 mmol day 4, 5 ,6 , 7 and 36 mmol day 8.
RESULTS
All foregoing experiments with the FeS/HCl(H2S)/C 02-system3 in which the 
basic conditions (time- andtemperature-dependence, FeS/H^S- and FeS/HCl- 
ratio) had been determined, were carried out with fixed values for all com­
pounds involved (Heinen and Lauwers, 1996). Further experiments, however, 
have shown, that it is also possible to add the corresponding amount of HC1 in 
sub-optimal successive amounts (fig. 1). It demonstrated that the system can 
also operate if a lower but constant supply with HC1 is warranted. Under these 
conditions, the pH fluctuates between 1.6 and 3.4. With this type of experiment,
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Fig. 2. Thiol synthesis from 570 fimol (50 mg) FeS with different acids (HCI, H2SO4, HNO3 and 
HCOOH) after 5 days at 90°C; the numbers indicate the mmol acid used.
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the first step is done from a static towards a dynamic environment, or from a 
'closed’ to an ‘open' system, more consistent with reality.
A further series revealed, that HC1 can be replaced by other acids (fig. 2 ); 
better yields than with HC1 were obtained with H2SO4, which probably results 
from the insolubility of the reaction product FeSO^ In contrast, HNO 3 gave 
quite low yields, probably because hydrogen is (partly) used for the reduction 
of NO 3 to ammonia (Blochl et al.51992), with the double eifect that insufficient 
amounts of H2 are available for C 0 2-reduction and a diminishing acidity. The 
small yields with the two lower amounts of formic acid could result from the 
observed limited production of H 2S. Thiol production with 1.3 mmoles formic 
acid came close to the optimum values obtained with 0.65 mmol HC1 (pH 1.8), 
but represented only 54% of the yield with the corresponding amount of sulfu­
ric acid. Both H 2SO4 and HCOOH rendered decreasing yields with further in­
creasing acidity. But apart from these quantitative variations, the results reveal 
that thiol synthesis can principally occur in any kind of acidic environment.
Quite recently experimental evidence has been presented to demonstrate that 
the FeS/H^S-system is inappopriate for the production of amino acids and 
RNA (Keefe et a l , 1995). Applying the same equimolar FeS/H 2S ratio as in 
these experiments, which are quite unfavorable for thiol synthesis (Heinen and 
Lauwers, 1996), we found that the primary reaction products, H 2 and thiols, 
were obtained in such low yields (table I) that further reaction sequences lead-
Table I. Formation of H2 (¿anol) and thiols (nmol) by the
FeS/I-l2S/C0 2 -system with equimolar amounts of FeS and
H9S.
day Hmo.1 FeS |i mol H2S jimol f i2 nmol thiols
0 570.0 574,6 0 0
4 n.d. 529.4 3.5 51.5
5 464.6 4.1 65.6
7 419.4 3.9 66.2
ing to amino acids and RNA were quite unlikely to succeed. Because of these 
unpromising starting conditions we have not attempted to test the effect of 
ammonia on the system (which is an unbalancing factor with respect to the pH- 
range, and unnecessary, because ammonia could be supplied by adding nitrate 
to the system (Blochl et al> 1992)), or any other modification.
The basic reaction for thiol synthesis is the following sequence:
C 02 +  H2S -> COS +  H 20
COS +  3 H2________-> CH3-SH + H2Q
C0 2 +  H2S + 3 H 2 -> CH3SH +  2 H2O 
To determine the optimum conditions, variations of the reactants were applied.
14
Table II. Effect of variations of H 2 and H2S on thiol 
synthesis in the basic reaction
H2 +  H2S +  C 0 2 -> CH3SH + 2H20.
nmol H, nmol H2S Ratio nmol thiols
282.8 20.1 1 :0,07 6.8
287.1 52.1 1:0.18 14.9
261.2 65.5 1:0.25 20.1
361.4 127.5 1:0.35 27.5
460.6 165.7 1:0.36 26.7
271.0 104.8 1: 0.39 25.1
244,1 124.7 1:0.51 19.6
236.8 147.7 1:0.56 16.7
254.9 189.8 1:0.75 9.1
In the series given in table II, the ratio of H 2 to H 2S was varied. The results 
revealed an optimum for thiol formation with a 1 : 0.35 ratio, a ratio close to 
the theoretical value (1 : 0.33). In a further series increasing amounts of H 2 and 
H 2S were used, while the 3 : 1 relation was maintained. The results showed that 
thiol formation from 50 to approximately 250 ¿¿mol H 2 remained on the level 
reached. While keeping the conditions with the 3 : 1 ratio H 2 : H2S, the influ­
ence of temperature on the reaction was determined. Compared with the 
amounts obtained at 90°C, thiol production at 23°C was found to yield 12.1%, a 
result comparable with the 8.3% obtained under the same conditions with the 
FeS/HCl/C0 2 -system (Heinen and Lauwers, 1996). This finding confirms that 
the temperature dependence of this reaction determines the efficiency of the 
entire system.
mg Fe°
Fig. 3. H2 production by increasing amounts of Fe° in water with 100% CO2 as gas phase after 4 (□) 
and 7 ( A) days at 90°C and after 4 days at 25°C (0 )  or 35°C (V).
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Table III. Thiol synthesis, H2 production and H2S 
utilization with 40 mg Fe° (680 /umol) + 60 ml H2S 
in a 100% C 0 2 gas phase during 18 days at 90°C.
day jimol H2 jjmol H2S nmol thiols
4 631.7 447.9 151.4
7 675.1 401.9 264.2
11 781.0 292.8 371.7
14 765.5 225.6 430.0
18 674.6 129.1 533.4
Possible sources of H 2 and H 2S were then investigated: The H2S can either be 
supplied, or produced by the reaction FeS plus acid, The H 2 can also either be 
supplied, or generated by the reaction FeS +  H2S —» FeS2 +  H2. But it could 
also be obtained by the oxidation of metallic iron. Applying the basic reactions 
described by von Wolzogen Kuhr and van der Vlugt (1934), Daniels et al (1987) 
and Belay and Daniels (1990) have shown, that the H 2 from this reaction can be 
used by methanogenic bacteria to produce methane from C 0 2 + Fe°. We have 
therefore tested Fe° as a potential electron donor for the synthesis of thiols. We 
observed that Fe° indeed generates considerable amounts o f H 2 in an anaerobic 
aqueous environment in presence of C 0 2. Simultaneously Fe(OH)2 (or FeO) 
precipitate as a brownish ring on the glass surface at the liquid/gas interphase. 
The quantity of H2 produced was linearly correlated to the amount of Fe° (fig.
3), developed with time> and was clearly affected by temperature, whereas in­
creasing acidity (HCl, pH 3.5 to 1.5) had no effect. No reduced organic com­
pounds were detected.
When H2S was added to the system, thiol synthesis was initiated and in­
creased for 18 days. During this time the amount of H 2 remained at a high level 
while H2S decreased (table III). After a few days pyrite (FeS2) began to appear 
as a layer on the aqueous phase, with a silvery upper surface. Control experi­
ments have shown that no thiols are produced in the absence of H 2S, and that 
increasing acidity (HCl) has a negative effect on thiol synthesis (table IV).
Further studies on the Fe°/H2S/C0 2 -system revealed that thiol synthesis
Table IV. Controls of the Fe°/H2S-system: Effect of omission of H2S, and of increasing 
acidity on Ihe formation of the reaction products.
conditions day mg Fe° mmol HCl pmol H2 jamol H2S nmol thiols
no HjS 4 40 - 770.1 0 0.8
added 7 - 1040.3 0 0.6
increasing 4 10 25 268.0 241.7 159.9
acidity 50 261.5 256.2 76.6
100 278.3 252.2 22.9
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Table V. Synthesis of thiols from 10 mg Fe° (170 /jmol) and 
increasing amounts of H2S.
day ring or layer
mlH,S 4 7 11
0 0 0 - FeO*
1++ 0 0 - FeO
6 32.0 33.2 - FeO/FeS,
10 42.7 58.7 74.5 FeS2
15 53.6 65.8 87.8 FeSj
*with prolonged reaction time the entire water phase be­
came brown.
was strongly dependent on the ratio of Fe° to H2S (table V). Experiments with 
varying amounts of Fe° and H2S finally showed that a molar ratio of 
Fe° : H2S = 1 : 5  gave maximum yields. With this ratio, thiol synthesis was 
found to increase linearly with the amount of Fe° supplied if the reaction time -  
which also increases with the amount of Fe° -  is adequately taken into account. 
With H2S amounts far exceeding this ratio, thiol formation decreased, but the 
system was found to be much less sensitive for excessive amounts of H 2S than 
the FeS/Fl2S(HCl)-system. Thiol synthesis could also be maintained by suc­
cessive supply with H2S (fig. 4). A surplus of H2S at start, however, was found 
to be essential: with a low starting level, thiol formation accordingly increased 
with increasing H 2S-supply, but failed to reach maximum yields comparable 
with the optimum starting conditions. These results also demonstrate that the
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Fig. 4. Effect of H2S supply on thiol synthesis from 40 mg Fe°: a = 60 ml HoS at start, 20 ml day 7, 
10 ml day 14 (□); b = successive addition with 50 ml at start and 10 ml each day 4,7,11 and 14 (O); 
c = 40 ml at start, 40 ml day 11,10 ml day 14 (A),
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Table VI. Production of H2, H 2S and thiols from Fe°, with H2S generated 
from sulfides and acids, after 5 days at 90°C,
sulfide 
(50 mmol)
acid
(150 mmol) pmol H2 ¡jmol H,S nmol thiols
CdS HCI 932.5 2.3 61.8
CdS h 2s o 4 986.1 2.8 37.3
ZnS b 2so 4 835.4 1.9 3.7
Na,S HCI 664.3 368.9 21.8
Fe°/H 2S/C02-system can operate with fixed as well as variable amounts of the 
required compounds.
A further question which had to be settled was the possibility to replace H 2S 
by sulfide generating reactions. For these experiments we have chosen for two 
highly insoluble metal sulfides (CdS and ZnS) to resemble less favorable con­
ditions for sulfide-dependent reactions on Early Earth, and a readily soluble 
sulfide (Na2S). Either HC1 or H 2SO4 were used for H 2S generation from the 
sulfides. The results show that low levels of thiols are formed (table VI), which 
did not change much with time. The amount formed with CdS + HC1 rep­
resented about 32% of the value obtained with 30 mg Fe° plus H2S under opti­
mum conditions. CdS +  H2SO4 gave even lower yields, and the combination 
ZnS -f H2SO4 turned out to be the least efficient. The low yields are assumed to 
be due to several parameters: the high insolubility of the sulfides, the resulting 
low production of H 2S, and the prevailing high acidity (pH 1.4-2.2). Despite 
the large amounts of H2S produced from the combination N a 2S +  HCI, thiol 
synthesis was very low after 5 dayss but was found to increase with time and 
therefore followed for a longer reaction period. These experiments revealed
500
o
£ 400
co
x "  3 0 0
o
£
<¡0
o
sz I—
200
100 -
0 2 4 6 8 10 12 14
days
Fig. 5. Thiol synthesis (Q and <0) from 40 mg Fe° and formation of H2S (A  and V) with the latter 
generated from NajS + HCl: a =150 mmol HC1 + 50 mmol NaîS, b=  100 mmol HC1 + 50 mmol 
NajS.
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Fig, 6. Combination of Fe° with FeS + HCI as sole source for H2S. 10 mg Fe° + 18 mg FeS: nmol 
thiols (□) and /¿mol H2S (A); 10 mg Fe° with 36 mg FeS: thiols (0 )  and H2S (V).
that after a lag phase, due to the high acidity at the start (pH 1.52), thiol 
synthesis proceeded to a level representing 40 to 45% of the yield under opti­
mum conditions (fig. 5). In order to prevent a remaining relatively high acidity 
and its negative effect on thiol synthesis, a lower acidity from the start (100 
mmol HCI) was tried. In this case, however, the formation of H 2S was found to 
be insufficient to sustain thiol production, which only reached a level of about 
12% of the values obtained with optimum conditions. Being well aware that 
these data do not represent the ultimate conditions for the combination of Fe° 
with H2S generating reactions, the results nevertheless show that thiol syn­
thesis can proceed if sulfides are available in an acid environment containing 
Fe° and CO2.
An inevitably complicating factor was created by introducing FeS +  HCI as 
H 2S generating reaction in the Fe°/sulfide/acid system, because it actually 
meant a combination of the two thiol producing systems Fe° +  H 2S and 
FeS -f HCI. Unfavorable FeS/HCl ratios with high amounts of acid, however, 
give lower yields of thiols and relatively higher amounts of H 2S (Heinen and 
Lauwers, 1996). Increasing availability of H 2S should principally enhance thiol 
synthesis from Fe° -f- HjS, but increasing acidity was 011 the other hand found 
to counteract thiol synthesis from Fe° +  H2S (see table IV). Experiments with a 
fixed amount of Fe° (10 mg), two different quantities of FeS (18 and 36 mg) and 
increasing acidity, demonstrated that FeS can indeed serve as the sole source 
for H 2S if sufficient FeS is supplied (fig. 6). Addition of 18 mg FeS as feasible 
H 2S donor turned out to be insufficient to maintain thiol synthesis at the two 
lower, as well as the highest acidity applied (0.25, 0.50 and 1.4 mmol HCI, re­
spectively). Only with 1.0 mmol HCI was the H2S level raised sufficiently to 
bring thiol synthesis up to reasonable amounts. With double the amount of FeS 
and the lowest acidity applied (0.5 mmol HCI), H 2S production remained too 
low (30% of maximum yield) to sustain thiol formation. In this combination,
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however, increasing amounts of HC1 resulted in a significant increase in thiol 
synthesis, although H 2S production declined to about 83% with 1.4 mmol HC1, 
after reaching its maximum with 1.0 mmol HCL It decreased further (to 59%) 
with increasing acidity, whereas thiol synthesis declined only slightly under 
these conditions.
With the Fe°/FeS combination thiol formation can thus be maintained, 
when the systems apart would fail because of e.g. unfavorable FeS/acid ratios, 
or Fe° +  H2S in excessive acid environments. The negative effect of increasing 
acidity on thiol synthesis from Fe° +  H 2S is in this combined system partly 
compensated by the formation of H2S from FeS +  acid. The decline of thiol 
yields at lower acidity is due to the limited production of H 2S, which has a 
negative effect on the FeS/HCl- as well as the Fe°/H 2S-system.
In order to get an impression of the efficiency of the Fe°/H 2S/C0 2 - and the 
FeS/HCl/CC>2-system, equimolar amounts of the basic components (32 mg Fe° 
and 50 mg FeS) were started under optimum conditions for each system. 
Comparison of the thiol yields revealed that the system Fe0/H 2S/CO2 is ob­
viously much more efficient than the FeS/HCl/CC>2 system (table VII). But it
Table VII. Comparison of the efficiency of the different systems with respect to 
thiol synthesis under their optimum conditions (molar ratio in parenthesis), 
and with fixed molar amounts (570 pmol FeS or Fe°). All data given as nmol 
thiols in headspace samples. Multiplication with the factor 3 gives the nmol in 
gas plus liquid phase, but this is still not the total amount because a so far 
undetermined amount is bound to the pyrite surface (unpublished data). The 
last row indicates the percent yields based on the amounts of FeS or Fe° used.
system thiols (headspace) total % yield”
H, + H2S (3:1) 27.5 ± 1.8 (6 runs) - -
FeS + H2S (4:3) 120.3 ± 7.9 (5 runs) 360.9 0.06
FeS + acid (e.g. HC1) 274.7 ± 14.3 (8 runs) 824.1 0.15
Fe° + H^ S (1:5) 564.3 ± 20.8 (4 runs) 1692.9 0.30
He0 + Na2S + HC1 76.1 ± 9.8 (2 runs) 228.3 0.04
^percent of FeS or Fe° converted, calculated For thiols in headspace plus 
liquid phase.
also showed that the yields are very low, if they are expressed as percentage of 
FeS or Fe° converted. This could be due to the conditions of the closed system, 
where thiol synthesis stops at a certain level, but could also mean that the 
compounds are converted to other products in an atmosphere containing H 2O 
and CO 2, plus the H2 and thiols created by the reactions. The fact that yield 
calculations based on the amounts of FeS2 (pyrite) from the available FeS gave 
much higher values (approximately 3.5%) underscores this assumption. The 
real 'efficiency5 of both systems, however, is their flexibility and variability.
According to the equations given by von Wolzogen and van der Vlugt (1934)
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and Belay and Daniels (1990), the generated hydrogen originates from water. 
This is experimentally supported by the fast production of H 2 from Fe° in H 2O 
under CO2 (see fig. 3). Consequently, H 2O is thus used as reductant for CO2 in 
thiol synthesis. It could be argued, however, that H 2 is derived from H 2S once 
this is introduced into the system. In order to solve this problem, experiments 
in which H 2O was replaced by D2O were carried out and the resulting thiols 
were identified by mass spectrometry. The results showed that in the methyl- 
and ethyl-groups of methanethiol and ethanethiol hydrogen was fully sub­
stituted by deuterium (table VIII), confirming that D2O is the reductant. The
Table VIII. Methanethiol and ethanethiol identified by mass spectroscopy. Headspace 
samples for GC/MS analysis were taken from bottles with 40 mg Fe° + 50 (+ 20) ml 
H2S in 10 ml H20  (‘no label’) or 10 ml D20  (‘D20  label1) after 14-18 days at 90°C.
Mass
No label D20-label
Compound % Compound %
47 CH3S‘ 100.0
1
5.9
48 CH3SH 90.6 7.6
50 5,6 CD3S* 100.0
51 3,1 CD3SH 71,8
52 - CD3SD 40.5
61 C2H5S- 16.8 1.4
62 c 2h5sh 100.0 7.5
66 - C2DsS- 47.6
67 1.7 c 2d 5sh 100.0
68 0.3 c 2d 5sd  • 55.6
ratio for the three possible variants of the thiol group (-S- , -SH and -SD) was 
found to be 1.0 : 0.7 : 0.4 for methanethiol and 0.5 : 1.0 : 0.5 for ethanethiol. 
The SH-variant is for both compounds definitely higher represented than in the 
corresponding experiments with the FeS/HCl/CCh-systein (Heinen and 
Lauwers, 1996). This is, however, quite acceptable, because the thiol group is 
introduced by the non-labeled H 2S, and its hydrogen is only to a certain extent 
substituted by deuterium. From these results we conclude that essentially all 
reductions in this experiment are derived from D20  except for a small amount 
of H2O which could enter the system by handling, or by a H 0/D 2 exchange of 
the added H 2S and insignificant amounts of H2 from H 2S. The small amounts 
of unlabelled thiols most probably result from these possible sources of con­
tamination. The reaction sequences for the Fe0/H 2S/CO 2-system can accord­
ingly be defined as follows:
2 1
(i) Hydrogen generation from Fe°
3 Fe° -* 3 Fe2+ +  6e‘
6 H20  6 H + +  6 OH
6 H + +  6e“ -* 6 H (3 H2)
3 Fe2+ 4- 6 OH" -> 3 Fe(OH )2
3 Fe° +  6 H20  3 Fe(OH )2 + 3 H2
(ii) Combination of ^ -genera tio n  with thiol synthesis
3 Fe° +  6 H20  3 Fe(OH )2 4- 3 H 2
co2 + h 2s -  cos +  h 2o
COS +  3 H 2 -* c h 3- s h  +  h 2o
3F e 0 +  H2S +  CO2 + 4 H2O 3 Fe(OH )2 4- C H 3SH
The experimental data, however, show that hydrogen production from Fe° and 
H 20  precedes thiol formation and that only a fraction of the H 2 is actually used 
for C 0 2 reduction, so that there is always an excess of H 2 present.
(iii) In a sulfide-rich acid environment, H2S is generated by the well-known 
reactions; in the Fe°/sulfide/acid-system, both the sulfide and the acid can be 
replaced by others.
(iv) In all the above reactions, Fe(OH)2 is the primary mineral end product. 
With H2S (either supplied or generated) sufficiently available, pyrite can be 
formed as the mineral end product, together with H 2, which adds up to the ex­
cess of H2 present in the system:
Fe(OH)2 4* H2S -> FeS +  H20  
FeS 4-H 2S -> FeS2 H-H2
Fe(OH)2 4- 2 H2S — FeS2 4- H20  -1- H 2
Depending on local and/or temporal conditions, however, a significant amount 
of the Fe(OH)2 could give FeO -I- H 20, and its precipitation in an iron sink may 
have just as well provided a ‘pull* as the ‘pyrite-puir in the FeS/H 2S-reaction 
(Wachtershauser, 1990a; Heinen and Lauwers, 1996), W ith various experi­
mental combinations, several kinds of mineral end products have been ob­
served: formation of an iron oxide ring (mainly FeO) and no surface layer at all, 
iron oxide deposits with some floating layer, and the typical pyrite layer only as 
the final mineral product. FeS2 and FeO have both been identified earlier by 
X-ray diffraction analysis (Heinen and Lauwers, 1996).
DISCUSSION
The results can be summarized with the following conclusions.
The FeS/HCl/C0 2-system can operate as a 'closed' as well as an ‘open’ sys­
tem. Furthermore the system is not confined to HC1 as the acid component, but 
can operate in a wide variety of acid environments (pH 1.5 to 6.4, depending on 
various parameters).
22
Metallic iron (Fe°) can serve as the sole H 2-source for thiol synthesis if suf­
ficient H2S is available. According to the deuterium experiments, the hydrogen 
for the reduction of CO2 is derived from water.
V
The H2S is essential for the reaction and can either be supplied or generated. 
The required H2S for the Fe°/H2S-system can be provided by H 2S generating 
reactions, thus creating an Fe°/sulfide/acid-system. The lower yields obtained 
in these combinations are due to the restrictions of the experimental condi­
tions, which could be avoided in an open system. When FeS is introduced as the 
sole source for a combination of the systems FeS/HCl and Fe°/H 2S is 
obtained.
The Fe°/H2S system can also operate in a ‘closed5 or ‘open5 manner, because 
the necessary H2S can be given from the start, or by successive additions.
The various combinations of the system bear all the ingredients essential for 
further evolution. Given some time, the reactions can provide (at least locally) 
the compounds essential for electrical discharge reactions (Miller, 1955, 1957) 
to proceed secondarily as one of the next steps in chemical evolution; ammonia 
from nitrate (BlochI et a l , 1992), hydrogen from either Fe° in water or FeS plus 
hydrogen sulfide, and the thiols as reduced carbon compounds replacing the 
required methane. In combination, or with carbonic acids available from one 
or the other reaction sequences, multimerizations in the thioester world (de 
Duve, 1991, 1992) are also just around the corner.
The Fe°/H2S/C02-system has a higher efficiency with respect to thiol 
synthesis than the FeS/HCl/CC>2-system. Because this conclusion is based on 
results under laboratory conditions, it should, however, not be mistaken as an 
assessment, because a multitude of environmental variants determines which 
combination of reaction sequences are the most appropriate at the given con­
ditions in an open system, On first sight, a relation seems to exist between the 
complexity of the systems and their yields, from the least complex system 
H2 +  H2S (all in a CO2 atmosphere) with the lowest yields, via FeS +  H 2S and 
FeS +  acids to Fe° + H2S and Fe° +  sufide(s) -f acid. But again we are dealing 
with laboratory conditions, with e.g. powdered FeS and/or Fe°, so that the 
observed yields may not be all too relevant under natural conditions.
It should also be kept in mind, that the data on which the yield calculations 
are based represent only a part of the total amount of thiols formed: Recent 
determinations have shown that thiols are bound to pyrite as well as the glass 
surface o f the bottles under various conditions, and yield calculations based 011 
the amount of pyrite formed, tell still another story with significantly higher 
values (unpublished data, paper in preparation).
Another aspect of thiol formation should also be taken into account, namely 
that these compounds could serve as precursors for (proto-) coenzymes with
9 1
essential sulfhydril groups, like coenzyme M and lipoic acid, or the [Fe4S4] 
clusters of ferredoxins.
The main conclusion, however, is the recognition that thiol synthesis is not 
confined to a singular scenario. On the contrary, in a (X V rich environment we 
are dealing with a variety of scenarios in which
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-  H2 and H 2S close to a 3 : I ratio,
-  FeS in an environment with sufficient E^S,
-  FeS in an acid environment with principally any kind of acid,
-  Fe° with the required H 2S available,
-  Fe° in an acid environment with various sulfides, including
-  Fe° +  FeS +  acid,
will all initiate thiol synthesis. Consequently, the chances for the formation of 
these first organic compounds were optimal, certainly in environments resem­
bling the contemporary hydrothermal vents, but also at the planet’s surface 
with a CC>2-dominated atmosphere (Kasting, 1993) and even after dramatic 
alterations and repeated extinction of all organic material. As long as iron and 
sulfur were in one or the other variety available in varying but reasonable 
quantities on Early Earth, the appearance of these first organic compounds was
-  over and over again -  an almost inevitable event.
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